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diaphragm, which is a thin (20m) layer of silicon at-
tached at the edges to a square silicon cavity 2000
wide on a side. A source voltage of 10 V produces a
sensor with a sensitivity on the orderbf.V /Pa. Since
the thermal noise voltage is near Qu¥, the pressure
resolution of the sensors is on the order of 1 Pa.

In addition to a pressure sensor array capable of mea-
suring the spatial pressure distribution, progress has als
been made in estimating the shape of an arbitrary two-
dimensional physical object in a flow and in tracking
vortices based solely on distributed pressure measure-
ments. The shape estimation relies on a conformal map-
ping which orders shape parameters by their observabil-
ity with range. Utilizing this model, a sequential maxi-
mum likelihood estimation technique is able to extract
the contour of an object in steady flow. This proce-
dure requires no a priori knowledge of the type of object.

The result is an estimate of a completely arbitrary shape
whose level of generality depends on the distance of the
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Fish, which manage complex environments with the aid
of their lateral line organs, inspired this sensor type. In
particular, the blind Mexican cavefish (Astyanax fascia-
tus) is able to navigate its environment relying almost
exclusively on this organ. The lateral line is a sensory
system which measures the flow velocity and pressure
) ] distribution over the fish’s surface, providing sufficient
A novel sensory system is being developed for AUVS information for surprising behaviors. The most relevant
to augment current sensory systems for navigation andyf these behaviors are collision avoidance (Windsor et
operation in difficult environments. These environments 5| 2009) and object recognition (Campenhausen et al.
are frequently cluttered and murky with substantial flow 19g1) These behaviors are related to a particular subset
from curr_ents or waves, frustrating sonar and vision sys- ¢ the |ateral line organ, which measures only the pres-
tems while posing an increased risk to AUVs. In or- gyre gradient (Montgomery et al. 2001). It is still poorly
der to manage such situations, a better ability to locate  ngerstood how fish extract relevant environmental in-
and identify physical objects is needed. This gap could t5rmation from pressure gradients. We report progress

be filled by small low frequency pressure sensors dis-j, fapricating a sensor array capable of measuring sim-
tributed over the surface of the AUV in dense arrays.  jjar quantities as the lateral line organ, and in utilizing

The pressure sensor array presented here consists dhe pressure measurements to extract detailed informa-
hundreds of MEMS pressure sensors with diameterstion about solid objects and flow structures using statis-
near 1 mm spaced a few millimeters apart fabricated tical inference techniques.
on etched silicon and Pyrex wafers; a fabrication pro-  \yhjle an implementation identical to the lateral line
cess for producing the array is described. A strain-gaugeygan is not practical, the information provided by the
pressure sensor is analyzed, fabricated, and tested: It Safatera) line would greatly benefit AUVs. In particu-
|sf|e§ spemﬁcanons as requwed for object detection. T_he|ar, the ability to locate and obtain information about
sensing element is a strain gauge mounted on a flexible,earhy obstructions is increasingly important as AUV’s

1This publication is the result of research sponsored by The are finding applications in cluttered environments and

MIT Sea Grant College Program, under NOAA grant number S_m_f Zones. Also, the ability for flow mappin_g and i_den'
NAO60OAR4170019, project number R/RT-2/RCM-17. tifying vortical structures allows the possibility for apt
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mizing control and navigation in unsteady environments. of the side of the square diaphragm afidbe its thick-
In addition to these capabilities, a distributed pressureness. Following [2, 3], the normal displacemeénof the
sensor would be completely passive and consequentlydiaphragm as a function of its horizontalandy coor-
require little power. The primary disadvantage would be dinates is approximated as a function of the form

its limited range.

. o 1 2w 1 21y
Described here is the development of a sensor inspired w(z,y) = 7T Teos| Teos|\—7 >

by the canal system of the lateral line organ. This sensor
attempts to directly extract information from the spatial where the origin is the center of the plate andis the
pressure fields using an array of pressure sensors. Thigleflection at the center of the diaphragm. The resulting
bypasses the pressure gradient to flow transformation ofpressure-deflection relation is
the canal system, considerably simplifying the design
. . . . . 7T4EH3
while possibly losing some favorable filtering character- pP— 1
istics [1]. The development of a full MEMS pressure 6(1 —v2)L*
sensor array, experiments with off-the-shelf sensors, anqN
signal processing are subsequently considered in orderE
to create a sensor system able to identify and classify
nearby objects.

)

hereP is the pressure difference across the diaphragm,
andv are the Young’s modulus and the Poisson’s ratio
for the diaphragm, respectively. As calculated in [4] us-
ing finite-element methods, the stress in #hdirection

is

L 2
2 MEMS Pressure Sensor Array or = 0.294 (ﬁ) P ®)

Deve|0pment Given L = 2000 ym and H = 20 pm as typical mem-
brane sizes, the stress is

The pressure sensor array presented here consists of hun- op = 2940 - P. (4)
dreds of MEMS pressure sensors with diameters near 1
mm spaced a few millimeters apart fabricated on etched
silicon and Pyrex wafers; the sensors are arranged over
a surface in various configurations, such as a single line, L\2/P P I

a patch consisting of several parallel lines (as shownin € = K (ﬁ) < > ( ) [C05< )]
Figure 1), or specialized forms to fit the hull shape of a

vehicle or its fins. . [1 + cos (2%)] , (5)

As shown in [5], the strain in the direction is

E

H

L

. wherez is the vertical position within the membrane rel-

2.1 Membrane Design ative to the center plane, and it can be shown that the
relative change in resistance for a resistor segment de-

The key feature of the sensor is a flexible diaphragm, formed by being bonded to the top of such a plate is

which is a thin (20um) layer of silicon attached at the

edges to a silicon cavity. A strain gauge consisting of ﬁ ~ 1 2v—1

€ €ws (6)

four long and thin snaking resistors sits on the surface of R l-v I-v

the diaphragm. As the difference in pressure above andyhere; ande,, are the strains along the resistor length

below the diaphragm changes, the diaphragm bends an@nq width, respectively.

the strain gauge resistances change. The four resistors

are optimally designed and connected in a Wheatstone

bridge configuration to maximize the pressure sensitiv- 2 3 Deflection and Sensitivity

ity. A schematic side view of one sensor is shown in Fig-

ure 2. These design requirements are within the scope ofr o maximum deflection; of the diaphragm, which oc-
MEMS technology. curs at the center, is

K (P\[L* .
2.2 Stress, Strain, and Pressure a2 \e)\m ) ()

L . . 1The subscript in; refers to the fact that it is the amplitude of the
To express the strain in one of the resistors as a functionst mode of vibration for the diaphragm. This paper doesdisttuss

of the pressure on the diaphragm, fetbe the length  other modes, but the notation is used for consistency witaratorks.




Diaphragm Size: ~1 mm

Spacing: ~1 mm

Silicon Device Layer: 10 ym

Buried Silicon Oxide Layer: 0.5 um

Silicon Handle: ~0.5 mm
Thickness: ~1 mm

Pyrex Wafer: ~0.5 mm

Figure 1: Diagram of pressure-sensor array with basic streclepicted.

The maximum strain in the direction, which also oc- Metal (Resistor)
curs at the center, is g)inde
Oxide

e =2k (%)2 (g) (%) ®)

By symmetry, the strain thg direction is the same. For
K = 0.294, E = 47 GPa (silicon), L = 2000 pm, and

p
H = 20um, these quantities become e
% = 1.25x 10 7Pa? 9)
a  _ 1.3nm/Pa. (10) Figure 2: Sideview of the fabricat_iqn layers of_a single sens
P (not to scale). The portion of the silicon and oxide layermsvab

Substituting the value given in Equation 9 into Equa- € etched hole is the diaphragm.

tion 6 produces the relative change in resistance:

AR Therefore, the pressure sensitivity of the sensors is on
B the order of 1 Pa for a 10 V source, which is the level

needed for the aforementioned applications.

~ (1.07Tx 107 "Pa~") - P. (11)

Thus, for a typical source voltage df = 10V for the
Wheatstone bridge, the sensitivity of a strain-gauge re-
sistor sensor located at the center of the diaphragm is on

the order ofl 1.V /Pa. 2.5 Fabrication
_ The fabrication of a basic pressure sensor array is de-
2.4 Noise scribed here. The steps were performed in the MIT Mi-
crosystems Technology Laboratories and can be done
Thermal noise voltage is on the order of with standard CMOS/MEMS processes.
Vi = JAKTRf (12) A double-side polished silicon-on-insulator (SOIl)

wafer, which contains a 2@um thick Si layer to be
wherek is Boltzmann’s constant, is temperatureR is used as the diaphragm, is first masked with a silicon-
resistance, andl is the filtered bandwidth of the electri- nitride (SgN4) layer. The nitride is removed from the
cal signal [2]. Thus, fofl’ = 300K, R = 10k{2, and device/diaphragm side, oxide is grown on the bare sil-
f = 3kHz, the thermal noise voltage is Ou¥. icon to act as an insulating layer, and the metal resis-



tors are deposited on the oxide. The diaphragms are patmm. The experimental deflections are 0.51 nm/Pa and
terned on the backside nitride. The backside of the SOI12.54 nm/Pa, respectively. The theoretical values are 1.26
wafer is then etched using potassium-hydroxide (KOH) nm/Pa and 5.07 nm/Pa, respectively, for a diaphragm of
with the nitride as a mask and the original SOI oxide as 20 ymand are 1.67 nm/Pa and 6.73 nm/Pa, respectively,
an etch stop to form an air cavity. During KOH etching, for a diaphragm of 18.2m. The factor of 3 difference
the metal resistors and oxide on the front side are pro-between theory and experiment could be the result from
tected by a double O-ring seal and teflon wafer holder. several possible sources. For example, the oxide grown
The remaining SiN, mask is then dry etched away to and metal deposited on the diaphragm occurred under
expose silicon. In the meantime, a Pyrex glass waferhigh temperature and low pressure, respectively. These
is laser etched to create shallow valleys that allow air processes pre-stressed the diaphragm layers to alter the
to pass. The Pyrex and SOl wafers are then anodicallydeflection-pressure characteristics.

bonded to form arrays of the devices shows in Figure 2.

2.6.3 \Voltage measurements
2.6 Results

- . ) i The strain-gauge resistors on the diaphragms are indi-
A wafer set consisting of nine nearly identical columns iq,5)ly tested. To test a resistor, it was used as one of
of sensors was fabricated. The two columns at €itheryq yegistors in an external Wheatstone bridge system. A
side of the wafer are different from the others in that they voltage source powers the configuration, and the output
have two fewer sensors. Each column consists of teNq¢ e prigge is fed into an AD620 low-power instrumen-
sensors; two each of diaphragm size 1 m_m, 1.41 mm, 2ta’[ion amplifier from Analog Devices, Inc. with a gain
mm, 2.42mmand 4 mm. The ten sensors in each columnyt 950 The output of the amplifier is read on a voltmeter
share a single air cavity, and the ten air cavities are iso-,,q oscilloscope. First, we tune the Wheatstone bridge

lated from one another. One diaphragm from each col-p, o djusting a potentiometer in the bridge until the out-
umn is broken and glued to a copper tube. A manometery s js sero voltage under zero pressure difference. Next,

is attached to the copper tubes, which enable us o cony,e gytput of the amplifier is measured as the back pres-
trol the back pressure on a column of sensors. Sinceg, e produced by the manometer is varied.

the manometer is water-based, the range and resolution
of differential pressure between atmospheric pressure on From the amplified voltage, we can calculate the rel-
the top of the diaphragms and the back pressure on thetive change in resistanc&R/R for the strain-gauge
bottom is determined by the size of the manometer. Weresistors as functions of pressure. Figure 6 shows a such
can produce pressure differences between -1500 Pa and plot for each of the four strain-guage resistors on a
1500 Pa with a precision of 10 Pa. particular diaphragm with a width of 2.82 mm. As ex-
pected, two of them vary positively with pressure and
the other two vary negatively. The experimental values
2.6.1 Diaphragm thickness measurement of (AR/R)/P are—2.94 x 107" Pa, —2.78 x 10~ 7 Pa,
2.52 x 107 Pa and2.65 x 10~7 Pa. However, the the-

A scanning electron microscope (SEM) photograph of oretic_:al value isi_l.O? x 1077 Pa. There are several
the diaphragm cross-section was taken (Figure 3) andpossible explgnanons for the discrepancy between the-
the thickness of the diaphragm was measured to be 18.2ry and experiment.

o +hi .
pm, about 10% thinner than the nominal 26 One contributor to the discrepancy is that the di-

aphragm, which is nominalB0 pm thick, is in fact 18.2

pm thick. This difference could be due to manufactur-
ing variations from the vendor (the specifications state
. that the thickness is precise to withinum) or to slight
The.ﬁs flectlon of tTe center of tZe memfb rane awe:(y from overetching from the KOH. Since sensitivity is inversely
equilibrium was also measured as a function of pres-g|4ie4 tg the square of the diaphragm thickness, small

sur?i These lr:neasuzen;fnts V\r/]ere olfa_;talnfed ;r(ém a Zdyg%hanges in the thickness can have a significant effect on
profilometer. Figure 4 shows the profile of a 2.8 mm di- sensitivity. In this case, the recalculated sensjtivit

aphragm at a pressure 612900 _Pa. The green Iing in is £1.29 x 10~7 Pa. This is closer to the experimental
the lower-left graph is the profile of a cross-section of values than is the nominal calculation.

the diaphragm, the location of which is indicated by the
white line in the upper-left color plot. Figure 5 showsthe  Another is that the diaphragms had been stretched
results from two diaphragms of sizes 2 mm and 2.828 and deformed somewhat during the fabrication process,

2.6.2 Deflection measurements
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Figure 3: SEM photograph of the cross-section of a diaphragm

which has several steps in which the wafer is placed proofing material. The wafer is mounted onto a plastic
under varying pressures from a vacuum to atmosphericholder for support and control of flow. The entire system
pressure. As stated earlier, the larger membranes werean then be placed underwater to detect local changes in
permanently plastically deformed. Perhaps the smallerpressure. Figure7 shows a photograph of the mounted
ones were affected as well, though not to the same desystem.

gree as the larger ones. In any case, the sensitivity of the

sensor is better than we had designed them to be. The system is currently being tested underwater.

2.7 Underwater sensors 3 Conclusion

The results presented above demonstrate that a silicon¥We have demonstrated a silicon-based strain-gauge pres-
based strain-gauge sensor is a viable technology for arsure sensor fabricated with standard MEMS techniques
AUV pressure sensor. Thus, the next generation of sen-that can be suitably used for underwater object detection
sors was fabricated as well. In this set, the sensors arend estimation. The noise floor after amplification was
no longer isolated and are instead wired up on-chip in ameasured to be a few millivolts. Thus, both the mechan-
Wheatstone bridge configuration. The sensors are pow-cal deflection and electrical tests indicate that a sensiti
ered up and accessed via a custom-made cable systeiity on the order of Pascals can be achieved. The experi-
that makes contact with the silicon wafer at one end. In ments show that 2 mm wide diaphragms are both sensi-
this set, 23 sensors sit at the top of a 150-mm wafer. All tive and robust enough for our purposes and thus would
consist of 2 mm square diaphragms and are 2 mm apartbe the standard size for future testing and the develop-
Parylene is added to the top layer of the wafer as a water-ment of a larger-scale system.
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Figure 4: Profiles of a 2.8 mm diaphragm at a pressure2$f00 Pa as measured by a Zygo profilometer
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